An extension of Fourier scatterometry is presented, aiming at increasing the sensitivity by measuring the phase difference between the reflections polarized parallel and perpendicular to the plane of incidence. The ellipsometric approach requires no additional hardware elements compared with conventional Fourier scatterometry. Furthermore, incoherent illumination is also sufficient, which enables spectroscopy using standard low-cost light sources.
INTRODUCTION
Optical scatterometry is used in numerous configurations [1] - [4] from monochromatic to spectroscopic, from reflectometric to polarimetric, from specular to angle resolved, from coherent to incoherent. In Fourier scatterometry, a focused spot is created by a high numerical aperture (NA) microscope objective (MO), and the scattered illumination is collected by the same MO [5] . In this configuration, each point of the back focal plane of the MO is uniquely related to a given reflection and azimuth angle. Fourier scatterometry allows the measurement of small and weakly reflecting samples over a wide range of reflection angles. Using high-NA MOs, the angles of reflection cover the range from 0 to over 70 • (72 • for NA = 0.95), and the distance of the objective is only several hundred wavelengths from the sample surface. The whole back focal plane image that includes the response of the sample at all conical angles, can be recorded within less than a second.
By using coherent illumination and a scanning focused spot, the phase can be modulated and the phase difference between the overlapping orders can be determined [4, 6, 7] , resulting in an increase in the sensitivity as compared to phase-insensitive incoherent Fourier scatterometry. A further advantage of the coherent illumination is that the size of the focused spot is much smaller (below one micron in the visible wavelength range).
The performance of coherent Fourier scatterometry can further be increased by combining it with interferometry [8] . Using interferometry, the complete scattering matrix is evaluated. The absolute phase distribution of the diffracted orders are retrieved using a known reference beam.
The ellipsometric approach [9] - [11] can be considered as a variation of the interferometric method, in which the reference beam for one polarization is that of the orthogonal polarization with regard to the plane of incidence. The material and structure related parameters determined by standard rotating analyzer or rotating polarizer ellipsometry are the ratio of the absolute value (tan [Ψ] ) and the phase difference (∆) of the complex reflection coefficients (r) of light polarized parallel (p) and perpendicular (s) to the plane of incidence: where ρ denotes the complex reflectance ratio.
The ellipsometric parameters can be determined by rotating a polarizer either on the input or on the output side of the setup, and analyzing the line shape of intensities as a function of the polarizer angle for each pixel. Compared to a basic Fourier scatterometric configuration, no additional optical components are required, and there is no need to measure the input field intensity and phase.
PRINCIPLE OF DETECTION
The general configuration is shown in Figure 1 (a). It is the same as for coherent Fourier scatterometry experiments [4, 7, 12] . The light is focused by an MO to the sample. At the back focal plane of the MO each point uniquely corresponds to a certain reflected angle from the illuminated spot. When imaging the BFP to the CCD, the intensity can be measured for each reflected angle. This configuration has been investigated in scanning spot [4, 6, 7, 12, 13] and interferometric [8, 14] setups, for which a sensitivity increase between 2 and 8 has been revealed, depending on the measurement parameters and the sample. In case of Fourier scatterometric ellipsometry the only difference with regard to the above arrangement is that either the polarizer for the input beam (P1) or the polarizer for the output beam (P2) is rotated, and the intensity at each pixel of the camera is recorded (Figure 1(b) ).
In case of scanning spot Fourier scatterometry [4, 6, 7, 12, 13] and interferometric Fourier scatterometry [8, 14] the phase is measured between the reflected orders and with regard to a reference beam, respectively, whereas ellipsometric Fourier scatterometry measures the phase between the reflections of perpendicular polarizations. Figure 2 shows the absolute values (left graph) and phases (right graph) of the complex reflection coefficient ratios for TE and TM polarizations (equivalent with tan(Ψ) and ∆ in Eq. (1), respectively) over a NA = 0.9 pupil area calculated using the rigorous coupled wave analysis (RCWA, [15] ). The typical repeatability of phase (shown in the right graph of Figure 2 ) by an ellipsometric measurement is approximately 0.001, which is more than 3 orders of magnitude better than the range plotted for arg(r TE /r TM ). 
SENSITIVITY
The increase in sensitivity can be determined by calculating the derivative of the merit function
(where N is the number of measured (y (m) ) or calculated (y (c) ) data points), and using standard procedures of calculating the curvature and covariance matrices [6, 16, 17] from which the 90% confidence limits can be calculated. Usually the y (m) − y (c) differences in Eq. (2) are divided by the measurement error of each y (m) i data point, but in our case y (m) is replaced by simulation and this normalization is neglected. Consequently, the y (m) − y (c) differences are calculated using y (c) values for small parameter changes around the nominal values of y (m) .
The increase in sensitivity is defined as the ratio of the confidence limits with (σ ellip ) and without (σ noellip ) using the ellipsometric approach. Figure 3 shows the RCWA calculations for a resist grating on a silicon substrate measured using a numerical aperture of 0.9. The left graph shows the sensitivity gain for the height and critical dimension parameters as a funcion of the height of the grating, whereas the sensitivity gain of the critical dimension parameter is plotted for a range of overlap parameters in the right graph. Generally, the uncertainty of the parameter fit is better (smaller) by a factor of 3-8 when using the ellipsometric approach, depending on the measurement and sample parameters. The same sensitivity calculations have also been performed for a 3D structure, as shown in Figure 4 . In this case we used finite element method (FEM) calculations by the JCMsuite software [18] , which provides advantages compared to RCWA for 3D structures [19] . We investigated a hexagonal lattice of holes in Si with varied height and parameters described in the caption of Figure 4 . The increase in sensitivity is typically between 5 and 10, close to the values for the regular grating shown in Figure 3 . 
COMPARISON
It has been shown in previous studies that involving the phase information in the measurement increases the sensitivity significantly [4] , [6] - [8] , [12] - [14] . The main methods investigated so far are summarized in Table 1 . In case of the scanning spot method a coherent light source is applied, and the coherent superposition of overlapping orders is measured and calculated. The phase modulation is achieved by scanning the focused spot [6, 7] , [12] - [14] . Since the interference pattern measured in the far field depends on the spot position very sensitively, this method can also be used for nanopositioning, i.e. for setting the spot position with nanometer accuracy.
In case of interferometric Fourier scatterometry (which can be combined with the scanning spot method) a coherent ref- erence beam with phase modulation is used [8] . Using this method, a sensitivity increase can be achieved also for gratings the illumination of which does not result in overlapping order. For both of the scanning spot and the interferometric methods, the intensity and phase distribution of the incident beam over the pupil has to be measured and taken into account in the fitting procedure. Furthermore, the interferometric setup requires additional hardware elements compared to the scanning spot methods (providing the modulated reference beam).
In case of ellipsometric Fourier scatterometry, the amplitude and phase of the input field does not have to be measured. A sensitivity increase can be achieved also for gratings without overlapping orders. The hardware is the same as for a basic scanning spot configuration, but no scanning is required. However, the polarizer at the input or output side has to be rotated and the intensity modulation at each pixel of the CCD has to be measured, which makes the data acquisition slower, and requires additional calculation to determine the complex reflectance ratio. Since the polarizer of most modern ellipsometers rotates at a speed of up to 20 Hz, data acquisition is not a considerable limitation, especially compared with the computation need for solving the inverse problem of periodic structures. In order to achieve the usual accuracy of 0.05 • for the phase (∆ of Eq. (1)) measurement in ellipsometry, the polarizer offset has to be calibrated using measurements on reference samples. A further significant advantage of the ellipsometric method is that no coherent light source is needed, and therefore the method can relatively easily be upgraded to a spectroscopic version.
CONCLUSIONS
It was shown that similar to the scanning focused spot and interferometric methods, the phase information determined using ellipsometry in Fourier scatterometry increases the sensitivity significantly. The advantages of ellipsometry over other approaches are that a simple hardware can be used, there is no need to measure the input wavefront parameters, incoherent illumination is sufficient, enabling the use of spectroscopy with conventional light sources.
